Abstract This paper describes the fishbone mode phenomena during the injection of highpower neutral beams in EAST (Experimental Advanced Superconducting Tokamak). The features of the fishbone mode are presented. The change in frequency of the mode during a fishbone burst is from 1 kHz to 6 kHz. The nonlinear behavior of the fishbone mode is analyzed by using a prey-predator model, which is consistent with the experimental results. This model indicates that the periodic oscillations of the fishbone mode always occur near the critical value of fast ion beta. Furthermore, the neutral beam analysis for the discharge is done by using the NUBEAM module of the TRANSP code. According to the numerical simulation results and theoretical calculation, it can be concluded that the fishbone mode is driven by the deeply trapped energetic beam ions in EAST.
Introduction
The physics of energetic particles is an important topic in future burning plasma devices. For future tokamaks such as ITER, self-sustained ignition greatly depends on heating by highly energetic alpha particles produced from fusion reactions [1] . In present tokamaks, fast ions generated by the injection of neutral beams and by the radio frequency (RF) acceleration drive many instabilities which have a wide range of frequencies, from a few kilohertz to a few megahertz. These instabilities include energetic particle modes (EPM) [2, 3] , the toroidal Alfvén eigenmode (TAE) [4, 5] , and the beta-induced Alfvén eigenmode (BAE) [6] . These instabilities in turn can lead to redistribution or loss of the fast ions and degrade the plasma confinement, which has been observed in many toroidal fusion devices [7] . Here we attempt an analysis of the fishbone oscillations, which was first observed during the nearly perpendicular neutral beam injection on the Poloidal Divertor Experiment (PDX) tokamak [8] . The name of 'fishbone' comes from the characteristic shape of the poloidal magnetic field fluctuations and the bursts of soft X-ray emission produced by this instability. It is widely accepted that the fishbone oscillations are excited through the resonant interaction between the fast-ion population in the tokamak plasma and the internal kink mode [9, 10] , and characterized by having the poloidal mode number m=1, and toroidal mode number n=1. Consequently, the resonant surface for this mode, given by m = nq, is q=1 (q is the safety factor). Many other tokamaks have also found this instability, such as JET [11, 12] , HL-2A [13] , DIII-D [14, 15] , MAST [16] , etc. Electron fishbone-like instabilities driven by the trapped supra-thermal electrons have been studied in EAST heavy impurity ohmic plasma [17] . In this paper, the fishbone oscillations are analyzed during neutral beam injection (NBI) in EAST. In addition, the transport analysis code TRANSP [18] is introduced to calculate beam power deposition, beam power loss, beam driven current, neutron emission and fast ion distribution.
In the rest of the paper, the EAST and NBI systems are described briefly in section 2. Section 3 presents the analysis of the fishbone instability. Section 4 reports the nonlinear behavior of the fishbones. Finally, a summary and conclusion are presented.
The description of EAST and NBI system
EAST is the world's first fully superconducting tokamak with non-circular cross section. The main parameters of EAST are: the major and minor radii R=1.89 m, and r=0.45 m, respectively, the toroidal magnetic field currently operated in the range of B t = 1.5-3.0 T, plasma current I p up to 1 MA, etc. In order to get high performance plasma in the EAST tokamak, some auxiliary heating methods including RF wave heating and NBI heating are developed. NBI has been recognized as one of the most effective means for plasma heating, and it has achieved plasma heating and current driving for the first time in EAST 2014 experimental campaign [19] . In this paper, the phenomena with only NBI auxiliary heating are discussed. The NBI heating system [20] consists of two deuterium beam lines, and each can deliver 2-4 MW beam power at 50-80 keV of beam energy. At present, the first beam line has been installed in window A in 2013, and the second beam line has also been built in window F in 2015, as shown in Fig. 1 . There are many diagnostic systems in EAST in order to diagnose some basic plasma parameters, such as electron density, electron temperature and neutron emission, etc. This article briefly introduces some diagnostic systems which are used to analyze the magnetohydrodynamic (MHD) instabilities. The soft X-ray systems [21] with three soft X-ray cameras covering the entire plasma poloidal cross-section have been installed on EAST to measure the spectrum of soft X-ray emission, and then obtain the electron temperature and the content of some heavy impurities. The soft X-ray arrays have good enough time resolution for studying the MHD instabilities of the core plasma. It can give the total poloidal cross-section distribution of the MHD instabilities. A set of Mirnov coils [22] are mounted inside the vacuum vessel distributed poloidally and toroidally to measure the magnetic fluctuation in EAST. There are two groups of Mirnov probes in the poloidal crosssection, and each poloidal cross-section has twentysix Mirnov probes, which can calculate the poloidal mode numbers. Another sixteen Mirnov probes are distributed evenly in the toroidal direction of the EAST vacuum vessel, which can give the toroidal mode numbers of MHD instabilities.
The analysis of the fishbone instability
The fishbone mode appeared several times during the EAST experimental discharges in the summer of 2014. In this work, the observations of the fishbone refer to plasma discharge #48604 due to the good diagnostic coverage during the NBI pulse. The main parameters of this discharge (#48604) are: toroidal magnetic field B t = 1.85 T, plasma current I p = 0.45 MA, the central electron density n e0 ≈ 3.7×10
19 m −3 , edge safety factor q 95 ≈ 4.2, poloidal beta β p ≈ 1.4, and the beam power P NBI = 2.8 MW. The temperatures of the central electron and ion are T e0 ≈1.6 keV and T i0 ≈ 20 keV, respectively.
The discharge parameters of shot (#48604) are typical values for the EAST experiment. In this discharge, the power of NBI up to 2.8 MW is nearly the maximum value in the EAST 2014 experiment [19] . In order to learn more about the beam ions produced by NBI, the NUBEAM module of the TRANSP code is used to analyze the beam driven current, neutron emission, beam power deposition and loss. Firstly, based on the above parameter settings, the simulation time of this charge is 4.6-4.9 s and the plasma current is in a steady state during the NBI heating. The profiles of the plasma current including ohmic current, beam driven current and bootstrap current are shown in Fig. 2 . The preliminary results of the numerical simulation show that the ohmic current is a major part of the plasma current, and it also shows that the bootstrap current is mainly deposited in the off-axis region due to the high pressure gradient in the off-axis region [23] . Fig. 3 presents that the production rate of neutrons is dominated by beam-target and beam-beam reactions when the deuterium neutral beam is injected into the deuterium target plasma in this discharge. The neutron emission is up to 1.2×10 14 n/s, which is basically in agreement with the experimental results. In addition, Fig. 4(a) shows that the NBI power deposition position is mainly located at the center plasma. From Fig. 4(b) , it can be concluded that neutral beam injection is an effective heating method, and the beam power deposition on ions and electrons is nearly 1.98 MW, which is about 70% of the total beam power. The beam energy cannot be completely absorbed by the target plasma. The power loss mainly includes shine-through power loss [24] , charge exchange loss and orbit loss, as shown in Fig. 5 . Here, the beam power loss induced by the MHD instabilities is not included. From Fig. 5 , it indicates that the shine-through power loss is the main loss and is about 0.44 MW, and the calculated results indicate that 30% of the beam power is lost in this discharge. Fig.2 Profile of the plasma current at t=4.75 s Fig.3 Typical temporal evolution of the production rate of neutron in EAST NBI plasma Typical ion fishbone oscillations are observed during the plasma current steady state in EAST NBI plasma. One example with fishbone instability is shown in Fig. 6 . There are about 70 bursts in soft X-ray signals (SXR) and Mirnov coil signals during 4.66-4.82 s on EAST discharge #48604. The fishbone instabilities have an m/n = 1/1 structure by the Mirnov signals and soft X-ray emission, and the mode is found to rotate in the ion diamagnetic drift direction and they propagate in the same direction as the plasma current. It is widely accepted that fishbones are characterized by quasi-periodical bursts observed in Mirnov coil signals and soft X-ray signals, and by the sweeping of the mode frequency during a burst [25] , as given in Fig. 7 . The periodic mode frequency chirping is associated with the velocity distribution of the energetic particles [25] . Frequency chirping is stronger if the perturbation amplitude becomes larger. The mode perturbation frequency [26] ranges from 1 kHz to 6 kHz, being acquired by subtracting the rotation frequency of the background plasma (∼13 kHz) measured by CXRS from the measured fishbone perturbation frequency (Fig. 7, ∼14 -19 kHz), and ∆f is from about 2 kHz to 4 kHz. Like PDX fishbones, in this discharge, the period of fishbone oscillations is about 2-3 ms. For analyzing the types of energetic particles, we introduce the following representations [27, 28] :
where
, B 0 is the on axis magnetic field, R and r are the major radius and minor radius, respectively, r 1 is the radial location of the q= 1 surface and is approximately 0.08 m in this discharge, v || and v ⊥ are the parallel velocities and perpendicular velocities of energetic particles, respectively.
For the deeply trapped energetic particles, the bounce angle is θ b < 90 0 . The v || /v is about 0.15 in the core plasma calculated by the NUBEAM module, as shown in Fig. 8 . According to calculation results, we find that the core plasma is dominated by the deeply trapped energetic ions in this discharge during the fishbone oscillations. In addition, the toroidal precessional frequency of the deeply trapped energetic ions is approximately expressed as [13] : Fig.7 The time-frequency plots of Fig.6 (a) Fig.8 The spatial distribution of the fast-ion pitch angle at t=4.75 s
According to experimental results in shot #48604, q= 1, n = 1, and the energy of fast ions E m is in the range of 26-35 keV and E m is mainly 30 keV at the center plasma, which is obtained by the NUBEAM module in Fig. 9 . We can get ω d /2π ≈ 14-19 kHz, which is comparable to the measured fishbone perturbation frequency in Fig. 7 . It can be concluded that the fishbone mode is driven by the deeply trapped energetic beam ions [9, 10] . Fig.9 The spatial distribution of the fast-ion energy at t=4.75 s
The nonlinear behavior of the ion fishbone mode
The fishbone oscillations can be reproduced by a prey-predator model [9] ; this model is used to study the nonlinear burst behavior of the fishbones. The nonlinear evolution of the mode amplitude and the fast ion beta can be given by the following two equations [9] :
where A = δB r /B, Γ is determined by the bounce movement for the trapped energetic particles, D is the deposition rate of trapped particles within the q= 1 surface, Θ is the Heaviside function, and Z is the fast ion loss rate. This model is used in this paper to analyze the ion fishbone mode in EAST. For trapped energetic ions, the critical value of fast ion beta can be roughly written as [29] :
where Fig. 10 . From  Fig. 10 , when β h exceeds the critical value β hc , the fish bone mode is excited. Meanwhile, the rapid growing magnetic perturbation which can expel fast ions will eventually lead to the reduction of fast ion beta, and then the fishbone become weak. A new period of the fish bone will start until β h is larger than β hc again. The maximum value of the fish bone mode amplitude, A, conforms with the experimental observations, and the period is about 2-3 ms which is also in agreement with the experimental results. Furthermore, Fig. 11 shows that the bursts of fishbones can be described by the limiting rings (A, β h ), and the periodic oscillations of the ion fish bone mode are located at a fixed point, A= 0.14×10 −4 and B=0.0023, which is the critical value β hc . That is to say, the oscillations always occur near the critical value of fast ion beta. In this model, we combine simulation results in other tokamaks with the typical experimental parameters in EAST. Some parameters of fast ions have been assumed to be as follows:
7 s −1 . In this paper, this model gives the ranges of these parameters which can be used for other relevant calculations and simulations in EAST. 
Conclusion and discussion
The fishbone instability is found and analyzed in EAST NBI plasma. The observed fishbone oscillations excited by the deeply trapped energetic beam ions have been identified, and the periodic frequency chirping has also been detected by the soft X-ray arrays. The fishbone instability has only been observed in NBI heating discharges, which may be due to the higher power of NBI. The preliminary analysis of the ion fishbones with nonlinear theory is presented. Although the nonlinear theory predictions are consistent with the experimental results, it is too simple to get more details about the real physical mechanism of the fishbone instability. The above parameters of fast ions cannot be measured in the EAST experiment, which may be obtained by a diagnostic technique combined with the Monte Carlo code in the future. Therefore, it needs to find some more practical methods to analyze fast-ion behaviors in EAST experiment. Now, we are trying to use the guiding center code ORBIT [30] to study fast ion loss induced by fishbones in EAST. Besides, in order to better understand this behavior in the future, we will apply the effect of the fishbone instability to the NUBEAM module [31] . Experimentally, other shots have shown that fishbones can trigger a sawtooth crash and transit to a saturated kink mode in EAST, which requires further discussion and research.
